BLAIR, 0. R.,and QUINN, T. P. 1991. Homing and spawning site selection by sockeye salmon (Oncorhynchusnerka) in Iliamna Lake, Alaska. Can. J. Zool. 69: 176-181. Sockeye salmon (Oncorhynchus nerka) spawn along several island beaches and nearby streams in the eastern portion of Iliamna Lake, Alaska. We investigated the importance of homing, attraction to spawning site characteristics, and attraction to conspecifics in similar reproductive condition as factors influencing spawning site selection. Sockeye were displaced reciprocally between two similar island beaches and a dissimilar nearby stream. Few sockeye successfully homed from one beach to another (11%); those displaced to the stream from a beach displayed intermediate homing (24%) and the best homing was back to the stream (65%). More fish remained at the release site when it was similar to the capture site (25%) than when it was dissimilar (4%). Sockeye that left the release site for a beach were more often missing (68%) than those departing for the creek (30%). The use of ultrasonic transmitters revealed that four of six sockeye that departed for a beach were relocated at a spawning beach other than the capture site. Spawning site characteristics apparently play a role in spawning site selection, but the need to spawn at the capture site was more important. Homing was better to the creek, presumably because it had a unique odor and its flow made it easier to locate than the beaches. [Traduit par la revue)
Introduction
Pacific salmon (Oncorhynchus spp.) tend to return to their natal site to spawn ("homing") (Shapovalov and Taft 1954; Quinn and Fresh 1984) . However, it is not known to what extent the local distribution of spawners represents selection of spawning sites as opposed to homing. For example, sockeye salmon (0. nerka) return to their lake of origin (Foerster 1936 (Foerster , 1968 Quinn et al. 1987 ), but many lakes that produce sockeye have more than one spawning site within the system. Adult sockeye experimentally displaced from spawning grounds generally returned to the site of capture (Hartman and Raleigh 1964; Vamavskiy and Varnavskaya 1985) , but this was not necessarily their natal site. Moreover, McCart (1970) reported that only 53% of sockeye from small streams homed after displacement in Babine Lake, compared with 93% of sockeye displaced from a larger river. Most of the fish displaced from small streams that did not return to their stream of first capture entered other small streams instead of two larger rivers nearby, suggesting that the fish may have been attracted to certain spawning site characteristics.
The consensus is that homing salmon are guided by streamspecific odors (Hasler and Scholz 1983) . Besides attraction to site-specific odors, salmon have preferences for certain sub-'Author to whom all correspondence should be addressed.
strates as spawning sites (Burner 1951; Hoopes 1972; Tautz and Groot 1975; Reiser and Bjornn 1979) and also are attracted to the odors of adult conspecifics (Pete 1977; Groot et al. 1986 ). However, experiments by Hasler and Scholz (1983) revealed homing to streams with no conspecifics present. Thus, spawn ing site selection may reflect a compromise between a tendency to home to the natal site, an attraction to certain physical charac teristics of a spawning site, and an attraction to conspecifics.
To investigate the relationship between homing, spawning site preference, and attraction to conspecifics, we examined the behavior of sockeye salmon after reciprocal displacements between similar beach spawning sites on two islands and a dissimilar nearby stream in Iliamna Lake, Alaska. These displacements provided the fish with a conflict: to remain with conspecifics at the release site (with physical characteristics similar or dissimilar to the capture site) or to leave and seek the site of capture. This conflict allows us to test a series of hypotheses concerning the factors controlling the movements of salmon in the final stages of homing and spawning site selection. To the extent that the need to spawn at the capture site controls spawning site selection, displaced sockeye would be expected to leave all release sites in equal proportions. To the extent that the stream is easier to locate than the beaches, sockeye displaced from the stream would be more likely to return than those displaced from a beach. To the extent that physical characteristics control spawning site selection, sock eye displaced from a beach to the stream would be more likely to depart than those displaced to another beach. To the extent that attraction to conspecifics controls spawning site selection, displaced sockeye would be expected to remain at release sites.
Materials and methods

Description of study site and populations
The Iliamna Lake drainage basin is located in southwest Alaska and covers approximately 19700 km2. The lake itself has a surface area of 2622 km2 and drains into Bristol Bay via the Kvichak River. The lake contains over 100 identified sockeye spawning areas (Demory et al. 1964) , mostly in the eastern portion of the lake where the study was undertaken. Spawning occurs in large rivers, glacial streams, clear streams, spring-fed ponds, and mainland beaches. Sockeye home to these sites as demonstrated by differences in body morphology, age and size at maturity, and egg size (Blair 1989) . However, there are also many low islands and spawning regularly occurs at specific sites along their extensive shorelines. These island beaches generally lack upwell ing groundwater (Olsen 1964) and there are no nearby streams to provide site-specific water to attract returning sockeye salmon. The beaches have relatively large gravel and the water is circulated by wind-driven currents in the lake (Kerns and Donaldson 1968) .
Beaches on Northwest (NW) Woody Island and Fuel Dump Island, and a stream, Knutson Creek, were the spawning sites used in the study (Fig. 1) . Sockeye spawn between mid-August and early September at these three sites. Spawning takes place in about 0.5-5 m depth at the beach sites (mean of 2 m at NW Woody Island and 3 m at Fuel Dump Island) and extends about 10-15 m from shore for about 50 m at NW Woody Island and 70 m at Fuel Dump Island. Dye tests and tempera ture patterns gave no evidence of groundwater or water flowing through the gravel. Surface water temperatures during the experiments varied from 9 to 12°C and were the same between beaches. Spawning substrates at the beach sites were similar, composed of 90% small to medium-sized rocks (70-150 mm).
Knutson Creek is at the end of a deep bay. Approximately 200 m from the mouth of the creek the lake is over 100 m deep. Knutson Creek is short (15 km), draining a glacial valley, and is subject to severe flooding (Demory etal. 1964) . There is also a spring which contributes water to a side channel of the creek. During periods of high flow, creek water spills into the channel, mixing with the spring water. The spring water was colder (4-7°C) than the creek (5-9°C) and lake (9-12°C). The spawning substrate in the side channel was 50% coarse granite sand (0.4-1.6 mm) on the surface and 50% large gravel (40-70 mm) underneath. Most of the spawning in the channel took place in water less than 1 m deep. Sockeye also spawn in the creek, other side channels, and along the adjacent lake beach.
Knutson Creek is 9.1 km from NW Woody Island, and the route crosses 3. (1.25-in.) disc tags to mature male sockeye salmon. We conducted the experiment on male salmon to avoid the confounding variable of reproductive status. Females might vary in attachment to a given site, depending on the time they had spent on nest preparation and whether they were guarding eggs. Male salmon are generally reproductively active over a much longer period than females (Schroder 1981) and would be more comparable to each other. Salmon were displaced reciprocally between NW Woody Island and Knutson Creek and between NW Woody Island and Fuel Dump Island. Ten fish were transported at a time by boat in a 485-L tank. Average transport time was 20 mm between Knutson Creek and NW Woody Island and 15 mm between the beach sites. Groups of 20 sockeye salmon were also tagged and released at the capture sites as controls to assess tag recovery efforts for each site, tag loss, and natural movements from the site. One group of fish was released at each site in 1987. In 1988 two groups were released (a group 1 week prior to peak spawning and a group during peak spawning) to determine if behavior changed with changes in sockeye reproductive status. In 1989 sockeye were displaced between Knutson Creek and NW Woody Island, but not between NW Woody and Fuel Dump Islands.
The Knutson Creek fish were collected from the side channel with a small seine stretched across the slough and with dip nets. Fish at the islands were collected with a large beach seine. Tags were recovered by seining the sites, by spearing individual fish, by observing tag numbers from shore, or while snorkeling. Each site was surveyed almost every day and approximately equal effort was expended at each site. Adjacent spawning sites were also surveyed almost every day.
Once a fish had homed, the tag was removed or the tag number recorded. When spawning was completed and tagged and untagged fish were starting to disappear, the experiment was ended and all tags were collected whether the fish had homed or not. At the final recovery we were unable to recover every tag seen during the experiment.
The behavior of experimental (displaced) salmon was divided into three categories: (i) return to capture site ("homing"), (ii) failure to leave release site ("remaining"), and (iii) departure from release site but no subsequent recovery ("missing"). The behavior of displaced salmon was compared among displacement groups by a x2 test.
In 1989, 13 sockeye were also tagged, displaced, and tracked using ultrasonic transmitters (Vemco Ltd., 16 X 65 mm) with one of four frequencies (60.0, 65.5, 69.0, and 76.8 kHz). The fish were tracked using a receiver and directional hydrophone (Vemco Ltd.) mounted on the side of a small boat. Six were displaced from NW Woody Island to Knutson Creek and seven were displaced from Knutson Creek to NW Woody Island. They were anesthetized with MS-222, measured, tagged with a disc tag, and a transmitter was inserted into the stomach. The salmon were allowed 1 h to recover and then were released and followed by boat. The position of the tagged fish was determined every 15 mm from visual landmarks. If a fish did not leave the release site after 24 h or had homed, the transmitter was recovered and a new fish was tagged. Swimming speeds were estimated by measuring the total distance a fish travelled during active movement.
Controls
Results
There were no significant differences in recovery rate of controls among tag groups within sites (P > 0.55); therefore the three tag groups were combined for analysis. Forty-nine of 60 controls (82%) released at Knutson Creek were recovered on site, all but one in the same side channel where they had been captured. At NW Woody Island, 58 of 80 controls (73%) were recovered on site, as were 43 of 60 (72%) at Fuel Dump Island. No controls were seen at other beach spawning sites near the capture sites. There were no differences in recovery rates among sites (p > 0.75).
Treatment groups
The distributions of recoveries were similar between tag displacement groups within experimental treatments within and between years; hence, the tag groups were combined for statistical analyses. Overall, 11% of the sockeye salmon homed from one beach to another (Table 1) . Fish displaced to Knutson Creek from NW Woody Island displayed intermediate homing, 24%. The best homing (65%) was back to Knutson Creek from NW Woody Island. Experimental tag recovery efforts were corrected at each site by using the control tag recovery at that site. Corrected homing between the two beaches was 15% (i.e., relative to the recovery of controls released at each site), homing to NW Woody Island from Knutson Creek was 33%, and homing to Knutson Creek from NW Woody Island was 80%.
More fish displaced between the beaches remained at the release site (25%) than did fish displaced between Knutson Creek and NW Woody Island (4%). Correction of tag recovery efforts using the controls provided an estimate of 35% remain ing after displacement between the beaches and 6% for the beach to creek displacements. Of the fish that departed from the release site, those departing for a beach were more often missing (68%) than those departing for the creek (30%).
All of the displaced salmon that left the release sites did so within 2 days of release. There were no differences in the speed of homing among displacement sites. The time to home averaged 3.8 days and ranged from 1 to 12 days; 50% of the fish homed within 2 days.
More of the fish with transmitters homed to Knutson Creek (5 of 7, 71%) than to NW Woody Island (1 of 6, 17%); one fish remained at each site. Sockeye were tracked continuously from 8 to 48 h. The tagged fish remained at the release site for 1-14 h (average 6 h) before moving from the area. During the time spent near the release site they sometimes moved into other, (Fig. 2) . Fish released at NW Woody Island moved in a westerly direction, following the shoreline (Fig. 3) . Two of the fish tracked moved in and out of several bays and channels along the shorelines of Woody and Flat islands. Four fish that were captured at NW Woody Island and released at Knutson Creek were later relocated 4-6 days later at beaches with spawning substrates similar to NW Woody Island and with conspecifics. Overall, swimming speeds were higher in open water (3.1 kmlh) than nearshore (2.0 kmlh) ( Table 2) . A paired t-test (fish Nos. 7, 8, 9 and 11) revealed that these sockeye swam slower nearshore than in open water (1.99 vs. 3.15 kmlh, p <0.01). Swimming speeds were slightly faster at night (2.7 kmlh) than during the day (2.1 kmfh), but not significantly so (p > 0.50). Movements within 20 m of the shoreline were designated as nearshore. Swimming speeds were estimated over the total number of minutes the sockeye were moving. Discussion This study revealed both variation in the tendency of displaced sockeye salmon to leave a release site (occupied by conspecifics in similar reproductive condition) and variation in the frequency of return to the site of capture. Sockeye displaced between two similar island beaches (NW Woody Island and Fuel Dump Island) remained more often than did those displaced to the less similar Knutson Creek. Moreover, of the salmon displaced to NW Woody Island that did not stay there, a larger proportion of those from Knutson Creek homed suc cessfully than did those from Fuel Dump Island. Fish tagged with ultrasonic transmitters had recovery rates similar to those tagged with disc tags, suggesting that the transmitters did not have any additional effect on the fish.
In the study, tagged fish were released at sites with conspecifics in similar reproductive condition. The fish could stay and presumably have a high likelihood of spawning, or leave and risk never spawning. Compared with control recoveries, very few fish remained at any of the release sites. Because more fish remained at the release site when it was similar to the capture site, spawning site characteristics apparently had a role in site selection after displacement. This was interesting because the salmon displaced were all males and they do not construct the nest in this and other salmon species. Thus, attraction to conspecifics probably played only a minor role in spawning site selection, physical characteristics of a site were more important, but the preeminent factor was apparently the tendency to return to the site of capture (presumably but not necessarily the natal site). The fact that four of the fish displaced from NW Woody Island to Knutson Creek with transmitters stopped at other island beach spawning areas suggests that many of the fish listed as "missing" in the tagging study located spawning aggregations after leaving the release site.
Homing was best to Knutson Creek, probably because it had a unique odor and flow that made it easier to locate than the beaches. Other studies attributed poor homing to the small size and instability of the stream (McCart 1970; Shapovalov and Taft 1954) . The importance of site-specific odors in homing suggests that small rivers might be more difficult to detect than large rivers or that they might be more difficult to distinguish from each other. An alternative, genetic explanation is that the populations in small or unstable rivers might have been recently established by strays with a weaker tendency to home than fish from established populations. However, in our study the sites that had the worst homing (island beaches) were presumably hardest to detect but relatively stable from year to year, whereas the site that had the best homing (Knutson Creek) was presumably easiest to detect but less stable. Therefore, homing to a location after displacement may be influenced more by how difficult it is to detect the site than how stable it is over several generations. The conclusion is supported by McCart's (1970) finding that homing was worse the farther the fish were displaced from their home stream. Fish movement was generally along the shoreline with brief movements into open water. We were thus unable to assess open water orientation patterns (McCleave and LaBar 1972) . Esti mated swimming speeds were similar to those observed for migrating sockeye salmon in saltwater (Quinn 1988) and slightly above the least cost speeds estimated in laboratory experiments (Brett and Glass 1973) . Estimated swimming speeds were lower for sockeye swimming nearshore than in open water. Sockeye appeared to closely follow the shoreline and move in and out of small bays; hence estimated distance travelled near the shoreline may have been less than actual distance travelled. Unlike sockeye migrating homeward in coastal waters (Quinn et al. 1989 ) and up a tributary of Iliamna Lake (Poe and Rogers 1984) , fish were active at night (00:00-05:00 at these latitudes during the experiment) as well as during the day. The high level of activity at night may be governed by the pressing need for the fish to locate a suitable spawning site.
The similarity of homing patterns within a year indicated that reproductive state played a relatively minor role in motivation or the ability to home. The lack of variation among years was interesting because there were differences in the weather among years. In 1987 there were generally weak winds (2-3 km/h) during the experiment, but the winds were stronger in 1988 and 1989 (13-15 km/h). If wind-driven currents were important in homing to a beach, we might have expected homing to have been better in 1988 and 1989, but this was not the case.
An important assumption in many studies examining homing is that the capture site is the natal site. Annual escapements of sockeye salmon into Iliamna Lake vary from less than one million to over 20 million. During years with large escape ments, sockeye spread laterally along the shorelines of island beaches, utilizing sites that are not occupied in years of low density (Kerns and Donaldson 1968; direct observation from aerial surveys). Fry that emerge from the gravel at such irregularly used sites and return on a year with a low number of spawners apparently do not home to the natal site but are thought to return to perennial sites. This suggests that site selection affects the precision of homing. It is possible that eggs deposited in marginal areas (on years with large escapements) do not survive. However, retums per spawners to the island beaches are not significantly lower from years of high returns, suggest ing that some eggs survive.
In conclusion, homing to beaches was poor, while homing to the creek was high, a higher proportion of fish remained at the release site when it was similar to the capture site,. and a high proportion of fish that departed for a beach were never recovered. These results showed a much wider range in homing than other studies. Homing to Knutson Creek, after correction for recovery effort using controls, was similar to other studies (Hartman and Raleigh 1964; Helle 1966; McCart 1970; Vamav skiy and Varnavskaya 1985) , but corrected homing to the beaches was much lower. Homing to a natal site cannot be assessed from our results, but indirect evidence from interannual variations in spawner distribution indicates that homing to the beaches may not be precise. However, from site-speóific differences in body morphology and life history characteristics, sockeye home to streams, rivers, and mainland beaches within Iliamna Lake (Blair 1989 ).
